Introduction
============

Mitochondria are known as cellular powerhouses due to their ability to generate adenosine triphosphate (ATP) for use in metabolic processes. These intracellular organelles of bacterial origin, are important for bioenergetic function and they retain their own genome and replication properties. The mitochondria are also regarded as critical regulators of cell death and are the major cellular source of reactive oxygen species (ROS) ([@b1-ijmm-36-05-1223]), which cause damage to mitochondrial DNA (mtDNA) in human vascular smooth muscle cells (VSMCs) in a number of cardiovascular pathologies ([@b2-ijmm-36-05-1223]). Thus, mitochondrial dysfunction may lead to the impairment of various aspects of tissue functioning. Angiotensin II (Ang II) has been shown to participate in physiological processes, such as sodium and water homeostasis, and vascular contraction, as well as in pathophysiological processes, including hypertrophic cell growth, endothelial dysfunction, and cardiovascular and renal remodeling ([@b3-ijmm-36-05-1223]). Ang II may induce the production of mitochondrial ROS (mtROS) and several studies have suggested that this process is dependent on the full enzymatic activity of NADPH oxidases and the activation of ATP-sensitive potassium channels (K~ATP~) ([@b3-ijmm-36-05-1223],[@b4-ijmm-36-05-1223]). Furthermore, the interplay between the mitochondria and NADPH oxidase-derived O^−2^ constitutes a feed-forward cycle ([@b5-ijmm-36-05-1223]) and Ang II-induced ROS production may cause mitochondrial dysfunction in VSMCs ([@b6-ijmm-36-05-1223]). Since the mitochondria are both a target and source of ROS, antioxidant strategies specifically targeting the mitochondria may prove to be a therapeutically beneficial approach for the treatment of a number of ROS-induced cardiovascular diseases ([@b3-ijmm-36-05-1223]).

Astragaloside IV (As-IV; 3-O-β-D-xylopyranosyl-6-O-β-D-gluco pyranosyl cycloastragenol), is a natural saponin purified from *Astragalus membranaceus* (Fisch.) Bge., a traditional Chinese herb that has been widely used in clinical practice for the treatment of cardiovascular diseases ([@b7-ijmm-36-05-1223]). The herb exhibits antioxidant effects through the inhibition of ROS production, the reduction of lipid peroxidation and the stimulation of antioxidant enzymes ([@b8-ijmm-36-05-1223]). As-IV has been reported to possess diverse pharmacological properties, including anti-inflammatory ([@b9-ijmm-36-05-1223],[@b10-ijmm-36-05-1223]), anti-apoptotic ([@b11-ijmm-36-05-1223]), anti-infarction ([@b12-ijmm-36-05-1223]), anti-hypertensive ([@b13-ijmm-36-05-1223]), anti-diabetic ([@b14-ijmm-36-05-1223]), anti-heart failure and myocardial protective properties ([@b15-ijmm-36-05-1223],[@b16-ijmm-36-05-1223]). Moreover, As-IV has been shown to have antioxidant properties in various types of cells, such as human umbilical endothelial ([@b17-ijmm-36-05-1223]), human mesangial ([@b18-ijmm-36-05-1223]), SK-N-SH ([@b19-ijmm-36-05-1223]) and myocardial cells ([@b20-ijmm-36-05-1223]), and plays a role in the treatment of ischemia and reperfusion injury through energy regulatory mechanisms ([@b21-ijmm-36-05-1223]). Since Ang II-induced ROS production may cause mitochondrial dysfunction in VSMCs ([@b6-ijmm-36-05-1223]), previous findings have suggested a possible role for As-IV as a therapeutic agent against mitochondrial dysfunction ([@b8-ijmm-36-05-1223], [@b17-ijmm-36-05-1223]--[@b20-ijmm-36-05-1223]). Thus, the present study was carried out to investigate the protective effects of As-IV against Ang II-induced mitochondrial injury in VSMCs and to explore the potential mechanisms responsible for these effects.

Materials and methods
=====================

As-IV preparation
-----------------

As-IV was purchased from Spring & Autumn Biological Engineering Co., Ltd., (Nanjing, China) and its purity was shown to be \>98% by high-performance liquid chromatography (HPLC) analysis and thin layer chromatography (TLC) with a single dot (data not shown). As-IV was completely dissolved in hydroxypropyl-beta-cyclodextrin (HPBCD; Sigma, St. Louis, MO, USA) to obtain a stock solution at a concentration of 6 mg/ml and subsequently diluted to 50 *µ*g/ml with incubation medium to prepare a working solution. Preliminary experiments revealed that As-IV at this concentration demonstrated a more prominent pharmacodynamic effect (data not shown).

Cell culture and treatments
---------------------------

The VSMCs derived from the thoracic aorta were obtained from male Sprague-Dawley (SD) rats (weighing 180--200 g). The rats were purchased from the Animal Center of Nanjing Medical University (Nanjing, China). The animal experimental procedures were carried out in accordance with the Experimental Animal Ethics rules and regulations of the Ethics Committee for Animal Experimentation of Nanjing Medical University. The vascular media of the thoracic aortas were isolated from the rats under sterile conditions. The media were minced and plated into a cell culture bottle. The tissue was cultured in Dulbecco\'s modified Eagle\'s medium (DMEM), Wisent Inc., Montreal, QC, Canada) with 10% (v/v) fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 100 IU/ml penicillin and 100 g/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO~2~. When the newly grown cells reached 80--90% confluence around the tissue, the cells were harvested by trypsin (Sigma) enzyme-digestion and were passaged *in vitro* for use in later experiments. VSMCs were identified by immunocytochemistry with anti-α-smooth muscle actin antibody (1:100; ab5694, Abcam, Cambridge, UK) and by morphological anlaysis. VSMCs between passages 3 and 5 were used in the present study. When the cells reached 70--80% confluence, and they were subjected to 24 h of starvation in serum-free DMEM. The cells were then incubated in DMEM supplemented with Ang II (Sigma) at a concentration of 1 *µ*M and 5% FBS for 24 h and subsequently treated with either a mixture of Ang II (1 *µ*M) and As-IV (50 *µ*g/ml) or Ang II (1 *µ*M) alone for a further 24 h. The untreated controls were maintained in DMEM only with 5% FBS for 48 h. In addition, this study protocol was approved by the Medical Ethics Committee of the First Affiliated Hospital of Nanjing Medical University, Nanjing, China.

Transmission electron microscopy (TEM)
--------------------------------------

Following treatment, the VSMCs were collected and fixed in 2.5% glutaraldehyde overnight, and this was followed by secondary fixation in 1% osmium tetroxide for 1 h. The fixed specimens were then dehydrated through a graded series of ethanol to 100% and embedded in TAAB Epon (Marivac Canada Inc., St. Laurent, QC, Canada). Ultrathin sections (60 nm) were cut, placed onto copper grids, stained with uranyl acetate and lead citrate prior to examination using a transmission electron microscope (Tecnai G2 Spirit BioTWIN; FEI, Hillsboro, OR, USA) at an accelerating voltage of 80 kV.

Measurement of mitochondrial bioenergetic function by extracellular flux (XF) analysis
--------------------------------------------------------------------------------------

The XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA) was used to measure the rate changes in extracellular flux of dissolved O~2~ and protons in the medium immediately surrounding the adherent intact cells cultured on a XF96-well microplate (Seahorse Bioscience). The VSMCs were seeded in XF96-well microplates at 8.0×10^3^ cells/well (0.32 cm^2^) in 80 *µ*l DMEM medium with 10% FBS and incubated at 37°C with 5% CO~2~ for 24 h. The VSMCs were then treated as described above. The medium was removed and replaced with assay medium 1 h prior to the beginning of the assay and maintained at 37°C. After taking baseline measurements of the mitochondrial oxygen consumption rates (OCRs), the OCRs were measured using the XF Cell Mito Stress Test kit (Seahorse Bioscience), and the following were sequentially added to each well: oligomycin (1 *µ*M, blocker of the mitochondrial complex V, inhibiting the electron chain from being coupled to ATP synthesis), FCCP (2 *µ*M, an uncoupling agent which allows maximum electron transport) and rotenone (1 *µ*M, mitochondrial complex I blocker which eliminates mitochondrial respiration), as prevoiusly described ([@b22-ijmm-36-05-1223]). A typical OCR trace on how each parameter is derived is shown in [Fig. 1B](#f1-ijmm-36-05-1223){ref-type="fig"} (panel a). Values were normalized to the cell number (10^5^ cells as one unit) per well by cell counting on completion of the XF assay.

Measurement of mitochondrial ATP production
-------------------------------------------

Following treatment, the VSMCs were collected and disrupted in 200 *µ*l of ice-cold lysis buffer from the luciferase-based luminescence ATP detection kit (Beyotime Institute of Biotechnlogy, Nantong, China). Following centrifugation at 12,000 × g for 5 min at 4°C, ATP detection working solution (100 *µ*l) was added to each well of a black 96-well culture plate which was then incubated for 3 min at room temperature. Cell lysate (40 *µ*l) was then added to the wells of the culture plate, and luminescence was measured immediately using a luminometer (Turner BioSystems, Sunnyvale, CA, USA). A standard curve was generated from the protein concentration of each well using the BCA Protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The ATP level in each sample was expressed as nmol/mg protein.

Measurement of ROS production
-----------------------------

Following treatment, the VSMCs were incubated with MitoSOX™ Red mitochondrial superoxide indicator (Molecular Probes, Inc., Eugene, OR, USA) at 37°C for 20 min and washed gently 3 times with warm buffer, and then imaged using a confocal microscope (original magnification, ×200). Mitochondrial ROS generation was expressed as the mean fluorescence intensity of the red color, as previously described ([@b23-ijmm-36-05-1223]).

Measurement of mitochondrial membrane potential (ΔΨm)
-----------------------------------------------------

Following treatment, the VSMCs were stained with 2 *µ*mol/l of JC-1 (Beyotime Institute of Biotechnology) probe for 30 min and rinsed twice with PBS and then imaged using a confocal microscope (original magnification, ×400). ΔΨm was determined by monitoring the dual emissions from the mitochondrial JC-1 monomers (green) and the aggregates (red) under a confocal microscope under 488 nm laser excitation. ΔΨm was expressed as the emission intensity ratio (the ratio of green to red fluorescence) which represents the relative arbitrary ΔΨm level. A higher ratio indicates a lower ΔΨm.

Measurement of ROS-related enzyme activity
------------------------------------------

Following treatment, the total cellular protein from the VSMCs was prepared as previously described ([@b24-ijmm-36-05-1223]), and the protein concentration was assessed using a BCA protein assay kit (Thermo Fisher Scientific). The activities of NADPH oxidase, xanthine oxidase and manganese superoxide dismutase (Mn-SOD) were measured using an NADPH oxidase activity quantitative assay kit (Genmed Scientifics Inc., Wilmington, DE, USA), a xanthine oxidase assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and a CuZn/Mn-SOD assay kit (Beyotime Institute of Biotechnology) according to the manufacturer\'s instructions, respectively. The values were calculated according to the manufacturer\'s instructions and standardized to the protein concentration of the cells.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Following treatment, total RNA was purified from the VSMCs using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Total RNA (1 *µ*g) was reverse transcribed into cDNA using the PrimeScriptTM RT reagent kit (Takara Bio, Dalian, China), and then the cDNA was amplified with SYBR Premix Ex Taq™ (Taka a Bio) under the following cycling conditions: 30 sec at 95°C for 1 cycle, followed by 40 cycles of 5 sec at 95°C and 30 sec at 60°C. The primer sequences were as follows: peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-1α) sense, 5′-CGG AGC AAT CTG AGT TAT ACG-3′ and antisense, 5′-CAG TCA CAG GAG GCA TCT-3′; mitochondrial transcription factor A (Tfam) sense, 5′-ATC TCA TCC GTC GCA GTG-3′ and antisense, 5′-GCA CAG TCT TGA TTC CAG TTC-3′; and GAPDH sense, 5′-GTG AAG GTC GGT GTG AAC-3′ and antisense, 5′-GGT GAA GAC GCC AGT AGA-3′. The threshold cycle (Ct) value was set within the exponential phase of the PCR. The relative quantities of the different mRNAs were calculated by comparing the cycle times for each target PCR. The target PCR Ct values were normalized by subtracting the Ct (GAPDH) value, and then the relative mRNA expression was calculated using the 2^−(∆Ct\ sample−∆Ct\ control)^ method for each sample. Essentially, the same protocol was used for mtDNA quantification, normalizing the Rnr2 gene amplification level against the GAPDH gene. The primer sequences were as follows: Rnr2 sense, 5′-AGC TAT TAA TGG TTC GTT TGT-3′ and antisense, 5′-AGG AGG CTC CAT TTC TCT TGT-3′; and GAPDH sense, 5′-GGA CCT CAT GGC CTA CAT GG-3′ and antisense, 5′-ATT CGA GAG AAG GGA GGG CT-3′. The ratio of mtDNA (Rnr2) to nDNA (GAPDH) was used as an estimate of the number of mitochondria per cell.

Western blot analysis
---------------------

Total cellular protein from the treated VSMCs was extracted following standard protocols ([@b24-ijmm-36-05-1223]) and the protein concentration of the supernatant was determined using the BCA protein assay kit (Thermo Fisher Scientific). Equal amounts of protein (30 *µ*g) were electrophoretically separated by 8% SDS-PAGE and then transferred onto polyvinylidene difluoride membranes. After blocking (non-fat milk 5%, 2 h), the membranes were incubated at 4°C overnight with the following primary antibodies: anti-PGC-1α antibody (1:1,000; ab54481; Abcam), anti-dynamin 1-like protein 1 (Drp1) antibody (1:1,000; ab56788, Abcam), anti-parkin antibody (1:1,000; Abcam, ab179812) and anti-GAPDH antibody (1:1,000; 5174P; Cell Signaling Technology, Inc., Danvers, MA, USA). After washing, the membranes were incubated with HRP-conjugated secondary antibodies, including anti-rabbit antibody (1:5,000; ab6721, Abcam) and anti-mouse antibody (1:2,000; ab97023, Abcam) at room temperature. Signals were detected with SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific), and the intensity of the protein band was quantified using Gel-Pro Analyzer software. Intensity values were normalized to GAPDH and expressed as the relative protein expression.

Statistical analysis
--------------------

Data are expressed as the means ± SEM of a certain number of independent experiments (the exact number of experiments performed is indicated in each figure legend). Statistical analysis was performed by a Student\'s t-test or by one-way ANOVA followed by post hoc tests. A value of P\<0.05 was considered to indicate a statisticallydifference.

Results
=======

Damaging effects of Ang II on the morphology and function of mitochondria in VSMCs
----------------------------------------------------------------------------------

To confirm the effects of As-IV treatment, we evaluated the extent of Ang II-induced mitochondrial damage by assessing mitochondrial morphology and bioenergetic function. Our results revealed that the mitochondria in the VMSCs treated with Ang II (1 *µ*M) for 24 h were swollen, and vacuolization had occurred with almost a complete loss of cristae ([Fig. 1A](#f1-ijmm-36-05-1223){ref-type="fig"}). In addition, treatment with Ang II (1 *µ*M) for 24 h markedly reduced the basal OCR, ATP-linked OCR, maximal OCR and spare respiratory capacity by 19.6, 16.8, 24.1 and 30.5% compared with the untreated VSMCs, respectively ([Fig. 1B](#f1-ijmm-36-05-1223){ref-type="fig"}). Furthermore, treatment with Ang II (1 *µ*M) for 24 h reduced cellular ATP production compared with the untreated cells ([Fig. 1C](#f1-ijmm-36-05-1223){ref-type="fig"}). These results demonstrated that the VSMCs treated with Ang II (1 *µ*M) for 24 h exhibited signs of damage; abnormal mitochondrial morphology and impaired bioenergetic function.

Beneficial effects of As-IV on damaged mitochondria in VSMCs
------------------------------------------------------------

To determine the beneficial effects of As-IV on damaged mitochondria, we used TEM to observe the mitochondrial ultramicrostructure. TEM revealed that the mitochondrial morphology remained intact in the untreated VSMCs, whereas the mitochondria from the VMSCs treated with Ang II (1 *µ*M) for 48 h were swollen and vacuolization had occurred with almost a complete loss of cristae. Furthermore, some of the mitochondria contained electron dense deposits in their matrices and exhibited whorl-like inner membrane defects. By contrast, the mitochondria from the VSMCs treated with As-IV (50 *µ*g/ml) for 24 h following exposure to Ang II for 24 h, exhibited a basically normal morphology and no significant ultrastructural damage ([Fig. 2](#f2-ijmm-36-05-1223){ref-type="fig"}).

Effects of As-IV on mitochondrial bioenergetic function
-------------------------------------------------------

To demonstrate the bioenergetic function of the mitochondria in VSMCs following treatment with Ang II and the effects of As-IV on mitochondrial energy metabolism, we exposed the VSMCs to Ang II for 24 h, and then added As-IV (50 *µ*g/ml) for a further 24 h. Treatment with Ang II (1 *µ*M) for 48 h markedly reduced the basal OCR, ATP-linked OCR, maximal OCR and spare respiratory capacity by 40.6, 44.4, 41.2 and 39.9% compared with the untreated VSMCs, respectively. By contrast, treatment with As-IV (50 *µ*g/ml) significantly increased the mitochondrial respiratory functions in the VSMCs, so that there was almost no difference with the untreated VSMCs ([Fig. 3A](#f3-ijmm-36-05-1223){ref-type="fig"}). Treatment with Ang II (1 *µ*M) for 48 h also reduced cellular ATP production compared with the controls, whereas treatment with As-IV (50 *µ*g/ml) reversed the decrease in ATP production ([Fig. 3B](#f3-ijmm-36-05-1223){ref-type="fig"}).

As-IV prevents the Ang II-induced excessive generation of mtROS and the decrease in ΔΨm
---------------------------------------------------------------------------------------

Ang II-induced mtROS production may be a potential mechanism responsible for mitochondrial dysfunction ([@b3-ijmm-36-05-1223]) and the Ang II-induced depolarization of ΔΨm has been shown to be dependent on ROS ([@b6-ijmm-36-05-1223]). In this study, compared with the untreated VSMCs, a significant increase in the generation of mtROS and a decrease in ΔΨm (shown by an increase in the green/red fluorescence ratio) was observed in the Ang II-treated VSMCs. However, treatment of the VSMCs with As-IV reversed these effects, with no significant changes observed in mtROS generation and ΔΨm compared to the controls ([Fig. 4](#f4-ijmm-36-05-1223){ref-type="fig"}).

As-IV inhibits the Ang II-induced decrease in mtDNA copy numbers in VSMCs
-------------------------------------------------------------------------

mtDNA is particularly susceptible to oxidative damage resulting from ROS production in the mitochondrial matrix and the lack of DNA protective histones. Maintaining an adequate copy number of mtDNA is related to the energy demands that sustain normal function and it is crucial for cell viability ([@b26-ijmm-36-05-1223]). As shown by our results, the mtDNA copy number of the Ang II-treated VSMCs was lower than that of the untreated VSMCs. Compared with Ang II treatment alone, the addition of As-IV to the medium significantly increased the mtDNA copy number ([Fig. 5](#f5-ijmm-36-05-1223){ref-type="fig"}).

As-IV attenuates the activities of NADPH oxidase and xanthine oxidase and enhances the activity of Mn-SOD
---------------------------------------------------------------------------------------------------------

ROS are generated from different sources, including NADPH oxidases and xanthine oxidase, while Mn-SOD (SOD~2~), which is located in the mitochondrial matrix, is an important antioxidant which regulates ROS production ([@b27-ijmm-36-05-1223]). The present study demonstrated that compared with the untreated VSMCs, the activity of NADPH oxidase ([Fig. 6A](#f6-ijmm-36-05-1223){ref-type="fig"}) and xanthine oxidase ([Fig. 6B](#f6-ijmm-36-05-1223){ref-type="fig"}) increased significantly in the Ang II treated VSMCs, whereas this increase in enzyme activity was alleviated by treatment with As-IV. Furthermore, As-IV also exhibited the ability to reverse the decrease in Mn-SOD activity induced by Ang II ([Fig. 6C](#f6-ijmm-36-05-1223){ref-type="fig"}).

Effects of As-IV on the expression of genes related to mitochondrial autophagy and biogenesis
---------------------------------------------------------------------------------------------

Mitochondrial autophagy is mediated by parkin and Drp1 ([@b43-ijmm-36-05-1223]), while mitochondrial biogenesis is regulated by PGC-1α and Tfam ([@b47-ijmm-36-05-1223]). In the present study, our results revealed that the protein levels of Drp1 and parkin, which are vital to mitochondrial autophagy, increased in the Ang II-treated VSMCs, and treatment with As-IV further increased the protein expression of parkin and Drp1 ([Fig. 7A](#f7-ijmm-36-05-1223){ref-type="fig"}). On the other hand, compared with the Ang II-treated VSMCs, treatment with As-IV significantly enhanced the mRNA and protein expression of PGC-1α and the mRNA expression of Tfam. By contrast, we were unable to detect significant differences in the expression of PGC-1α and Tfam between the untreated VSMCs and the Ang II-treated VSMCs ([Fig. 7B and C](#f7-ijmm-36-05-1223){ref-type="fig"}).

Discussion
==========

The present study demonstrated that As-IV reverses the Ang II-induced mitochondrial dysfunction in VSMCs by exerting antioxidant effects against excessive ROS generation and enhancing mitochondrial autophagy and biogenesis.

In the present study, we demonstrated that Ang II, which was used at a concentration of 1 *µ*M for 24 h, induced mitochondrial dysfunction in VSMCs ([Fig. 1](#f1-ijmm-36-05-1223){ref-type="fig"}). These results are in accordance with those of previous studies ([@b6-ijmm-36-05-1223],[@b28-ijmm-36-05-1223],[@b29-ijmm-36-05-1223]). Thus, VSMCs treated with Ang II (1 *µ*M) for 24 h were used as a cell model of mitochondrial injury prior to treatment with As-IV.

In the present study, the Ang II-treated VSMCs exhibited mitochondrial morphological abnormalities and mitochondrial bioenergetic dysfunction, including a reduction in mitochondrial OCRs and ATP production ([Figs. 2](#f2-ijmm-36-05-1223){ref-type="fig"} and [3](#f3-ijmm-36-05-1223){ref-type="fig"}). The Ang II-treated VSMCs also exhibited a decrease in ΔΨm ([Fig. 4B and C](#f4-ijmm-36-05-1223){ref-type="fig"}) and mtDNA damage ([Fig. 5](#f5-ijmm-36-05-1223){ref-type="fig"}), which are typical manifestations of mitochondrial damage. Furthermore, mtROS generation was significantly increased in the Ang II-treated VSMCs ([Fig. 4A and C](#f4-ijmm-36-05-1223){ref-type="fig"}) exhibiting mitochondrial damage.

Under normal physiological conditions, the levels of ROS are generally low and they are controlled by antioxidants, such as Mn-SOD. However, under pathological conditions, it has been demonstrated that mtROS generation is triggered by elevated ROS levels, caused by the Ang II-induced activation of NADPH oxidase via AT1R-PKC signaling ([@b30-ijmm-36-05-1223]) and the down-regulation of antioxidant expression, resulting in decreased scavenging capacity ([@b31-ijmm-36-05-1223]); and mtROS also plays a critical role in depressing mitochondrial energy metabolism ([@b32-ijmm-36-05-1223],[@b33-ijmm-36-05-1223]). Thus, increased mtROS generation primarily led to mitochondrial injury in the present study. Our experiment to visualize mtROS provided evidence that As-IV diminishes the Ang II-induced excessive generation of mtROS ([Fig. 4A and C](#f4-ijmm-36-05-1223){ref-type="fig"}). These results demonstrate that As-IV exerts its antioxidant effects against mitochondrial injury through the attenuation of the excessive generation of mtROS.

The physiological generation of ROS occurs through several mechanisms, including leakage from the electron transport chain and as a metabolic byproduct of enzymes, such as xanthine oxidase ([@b34-ijmm-36-05-1223]). Ang II-induced NADPH oxidase activation is an example of a system that generates ROS not as a byproduct, but rather as the primary function of the enzyme system ([@b35-ijmm-36-05-1223]). On the other hand, there is growing evidence to suggest that the Ang II-induced activation of xanthine oxidase may be secondary to ROS generation from other sources, through the thiol oxidation of the xanthine dehydrogenase sulfhydryl residues which contribute, to a certain extent, to Ang II-induced ROS generation ([@b34-ijmm-36-05-1223],[@b36-ijmm-36-05-1223]). In this study, we found that Ang II induced an increase in NADPH oxidase and xanthine oxidase activity, and this effect was significantly inhibited by treatment with As-IV ([Fig. 6A and B](#f6-ijmm-36-05-1223){ref-type="fig"}).

In general, the maintenance of ROS production is normally counteracted and an equilibrium oxidative state is retained by SODs, which catalyze the dismutation of O^−2^ into oxygen and H~2~O~2~, thereby serving a key antioxidant function ([@b37-ijmm-36-05-1223]). It has been suggested that Mn-SOD (SOD~2~), one of the three isoforms of SOD, is one of the important defenses against oxidative damage within the mitochondria ([@b27-ijmm-36-05-1223]). The beneficial effects of As-IV on Mn-SOD activity in renal proximal tubular cells ([@b38-ijmm-36-05-1223]) and H9c2 cells ([@b39-ijmm-36-05-1223]) have been demonstrated. Our experiment on the activity of Mn-SOD revealed that As-IV possessed the ability to reverse the reduction in mitochondrial Mn-SOD activity indcued by Ang II ([Fig. 6C](#f6-ijmm-36-05-1223){ref-type="fig"}). Taken together with the findings that As-IV attenuates the activity of NADPH oxidase and xanthine oxidase, these results suggest that As-IV reverses the Ang II-induced excessive production of mtROS by inhibiting mtROS generation and stimulating the elimination of mtROS.

In our experiment on the visualization of mitochondrial morphology, we found that the VSMCs treated with Ang II exhibited abnormal mitochondrial ultrastructures, while the morphology of the mitochondria from VSMCs treated with As-IV was basically normal. Previous studies have suggested that mitochondria damaged by ROS need to be selectively removed to lysosomes and degraded in a process known as mitophagy, to protect the cells from cell death ([@b40-ijmm-36-05-1223],[@b41-ijmm-36-05-1223]). They may then be substituted by the progeny of more bioenergetically active mitochondria ([@b42-ijmm-36-05-1223]). Thus, we speculated that treatment with As-IV may promote mitochondrial biogenesis and autophagy.

Parkin, from the cytosol, eliminates impaired mitochondria by targeted mitophagy ([@b42-ijmm-36-05-1223]). Additionally, parkin-induced mitochondrial fission, which requires Drp1, appears to be necessary for mitophagy ([@b42-ijmm-36-05-1223]--[@b44-ijmm-36-05-1223]). In the present study, treatment with Ang II increased the protein expression of parkin and Drp1, and As-IV increased the protein expression of parkin and Drp1 ([Fig. 7A](#f7-ijmm-36-05-1223){ref-type="fig"}). These findings suggest that As-IV promotes the autophagy of impaired mitochondria. A previous study suggested that increased ROS levels in the mitochondrial matrix result in mitochondrial damage and the subsequent activation of parkin-dependent mitophagy ([@b45-ijmm-36-05-1223]). Taken together with the results of our study, these findings suggest that As-IV promotes the autophagy of impaired mitochondria.

PGC-1α serves as a central transcriptional control of mitochondrial biogenesis and respiratory function that coordinately controls the mitochondrial energy-generating functions in accordance with the metabolic demands forced by changing physiological conditions, aging and disease ([@b46-ijmm-36-05-1223]). PGC-1α activates the expression of Tfam, and then the transcription and replication of mtDNA is directly activated by the translocation of Tfam into the mitochondria ([@b47-ijmm-36-05-1223]). In the present study, As-IV markedly enhanced the mRNA expression of PGC-1α and Tfam ([Fig. 7B](#f7-ijmm-36-05-1223){ref-type="fig"}), and the protein expression of PGC-1α ([Fig. 7C](#f7-ijmm-36-05-1223){ref-type="fig"}). These results may also explain the stimulative effect of As-IV on the levels of mtDNA ([Fig. 5](#f5-ijmm-36-05-1223){ref-type="fig"}). In this study, we found no significant difference in the protein expression of PGC-1α and the mRNA expression of Tfam between the untreated VSMCs and Ang II-treated VSMCs. A previous study suggested that Ang II is unable to lead to changes in the mRNA expression of PGC-1α and Tfam ([@b48-ijmm-36-05-1223]). Taken together with the results of our study, these findings suggest that As-IV enhances the expression of PGC-1α and Tfam and promotes mitochondrial biogenesis.

In conclusion, this study clearly demonstrates that As-IV reverses the structural and biochemical abnormalities caused by Ang II in VSMCs, by modulating mtROS production and eliminating mtROS through its antioxidant effects, as well as by promoting mitochondrial autophagy and mitochondrial biogenesis. These findings suggest that mitochondria-targeted antioxidants may represent an attractive novel strategy for the treatment of a number of pathological conditions caused by the Ang II-mediated production of mtROS.
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![Mitochondrial dysfunction of rat VSMCs induced by angiotensin II (Ang II; 1 *µ*M) treatment for 24 h. (A) Transmission electron micrographs of mitochondrial morphology in VSMCs (original magnification, ×80,000). (Panel a) Untreated VSMCs; (panel b) VSMCs treated with Ang II (1 *µ*M) for 24 h. The mitochondria in the VMSCs treated with Ang II (1 *µ*M) for 24 h were swollen, and vacuolization had occurred with almost a complete loss of cristae. MV, mitochondrial vacuolization; scale bar, 300 nm. (B) Assessment of mitochondrial function in VSMCs. (Panel a) Schematic representation of the mitochondrial function assay, including basal oxygen consumption rate (OCR), ATP-linked OCR, maximal OCR, spare respiratory capacity, proton leak and non-mito OCR ([@b25-ijmm-36-05-1223]). O, oligomycin; F, FCCP; R, rotenone. (Panel b) Real-time analysis of mitochondrial OCRs. (Panel c) Quantitative analysis of the effect of Ang II on mitochondrial OCR readings. Results are the means ± SEM of 3 independent experiments (data were averaged from 12--16 duplicate wells). (C) Effects of Ang II on cellular ATP production. Control, untreated VSMCs; Ang II (24 h), VSMCs treated with Ang II (1 *µ*M) for 24 h. Data represents the means ± SEM of 5 independent experiments. ^\*^P\<0.05 vs. untreated VSMCs.](IJMM-36-05-1223-g00){#f1-ijmm-36-05-1223}

![Transmission electron micrographs of mitochondrial morphology in VSMCs (original magnification, ×80,000). (A) Untreated VSMCs; mitochondrial morphology remained intact in the untreated VSMCs. (B) VSMCs treated with angiotensin II (Ang II; 1 *µ*M) for 48 h; mitochondria were swollen and vacuolization had occurred with almost a complete loss of cristae. Some of the mitochondria contained electron dense deposits in their matrices and exhibited whorl-like inner membrane defects. (C) VSMCs treated with astragaloside IV (As-IV; 50 *µ*g/ml) for a further 24 h following exposure to Ang II for 24 h exhibited a basically normal morphology and no significant ultrastructural damage. EM, empty mitochondria; MV, mitochondrial vacuolization; WM, whorl-like inner membrane; DE, dense electron. Scale bar, 300 nm.](IJMM-36-05-1223-g01){#f2-ijmm-36-05-1223}

![Effects of astragaloside IV (As-IV) on mitochondrial bioenergetic function. (A) Assessment of mitochondrial function in VSMCs. (Panel a) Real-time analysis of mitochondrial OCRs. O, oligomycin; F, FCCP; R, rotenone. (Panel b) Quantitative analysis of the effects of As-IV on mitochondrial OCRs. Results are the means ± SEM of 3 independent experiments (data were averaged from 12--16 duplicate wells). (B) Effects of As-IV on angiotensin II (Ang II)-induced reduction of cellular ATP production. Control, untreated VSMCs; Ang II (48 h), VSMCs treated with Ang II (1 *µ*M) for 48 h; Ang II + As-IV, VSMCs treated with As-IV (50 *µ*g/ml) for a further 24 h following exposure to Ang II for 24 h. Data represent the means ± SEM of 5 independent experiments. ^\*^P\<0.05 vs. untreated VSMCs; ^\#^P\<0.05 vs. VSMCs treated with Ang II (1 *µ*M) for 48 h.](IJMM-36-05-1223-g02){#f3-ijmm-36-05-1223}

![Effects of As-IV on excessive generation of mitochondrial ROS (mtROS) and mitochondrial membrane potential (ΔΨm). (A) Imaging of mtROS using confocal microscopy (original magnification, ×200). Scale bar, 500 *µ*m. (B) Imaging of ΔΨm using confocal microscopy (original magnification, ×400). Orange color indicates the combination of green (JC-1 monomer) and red (JC-1 aggregate). Scale bar, 100 *µ*m. (Panel a) Untreated VSMCs; (panel b) VSMCs treated with angiotensin II (Ang II; 1 *µ*M) for 48 h; (panel c) VSMCs treated with astragaloside IV (As-IV; 50 *µ*g/ml) for a further 24 h following exposure to Ang II for 24 h. (C) Quantitative analysis of the effects of As-IV on mtROS generation (panel a) and ΔΨm (panel b). Control, untreated VSMCs; Ang II (48 h), VSMCs treated with Ang II (1 *µ*M) for 48 h; Ang II + As-IV, VSMCs treated with As-IV (50 *µ*g/ml) for a further 24 h following exposure to Ang II for 24 h. Data represent the means ± SEM of 5 independent experiments. ^\*^P\<0.05 vs. untreated VSMCs; ^\#^P\<0.05 vs. VSMCs treated with Ang II (1 *µ*M) for 48 h.](IJMM-36-05-1223-g03){#f4-ijmm-36-05-1223}

![Effects of astragaloside IV (As-IV) on cellular mtDNA content variation caused by angiotensin II (Ang II). Control, untreated VSMCs; Ang II (48 h), VSMCs treated with Ang II (1 *µ*M) for 48 h; Ang II + As-IV, VSMCs treated with As-IV (50 *µ*g/ml) for a further 24 h following exposure to Ang II for 24 h. Data represent the means ± SEM of 5 independent experiments. ^\*^P\<0.05 vs. untreated VSMCs; ^\#^P\<0.05 vs. VSMCs treated with Ang II (1 *µ*M) for 48 h.](IJMM-36-05-1223-g04){#f5-ijmm-36-05-1223}

![Effects of astragaloside IV (As-IV) on enzyme activity associated with ROS generation and scavenging. As-IV significantly attenuated the angiotensin II (Ang II)-induced increase in NADPH oxidase activity (A) and xanthine oxidase activity (B), and stimulated Mn-SOD activity (C) in VSMCs. Control, untreated VSMCs; Ang II (48 h), VSMCs treated with Ang II (1 *µ*M) for 48 h; Ang II + As-IV, VSMCs treated with As-IV (50 *µ*g/ml) for a further 24 h following exposure to Ang II for 24 h. Data represent the means ± SEM of 5 independent experiments. ^\*^P\<0.05 vs. untreated VSMCs; ^\#^P\<0.05 vs. VSMCs treated with Ang II (1 *µ*M) for 48 h.](IJMM-36-05-1223-g05){#f6-ijmm-36-05-1223}

![Effects of astragaloside IV (As-IV) on variations of mRNA and protein expression. (A) Protein expression of parkin and dynamin 1-like protein 1 (Drp1). (B) mRNA expression of (panel a) peroxisome proliferator-activated receptor-gamma coactivator-1α PGC-1α and (panel b) mitochondrial transcription factor A (Tfam). (C) Protein expression of PGC-1α. Control, untreated VSMCs; Ang II (48 h), VSMCs treated with angiotensin II (Ang II; 1 *µ*M) for 48 h; Ang II + As-IV, VSMCs treated with As-IV (50 *µ*g/ml) for a further 24 h following exposure to Ang II for 24 h. Each Data represent the means ± SEM (n=5). ^\*^P\<0.05 vs. untreated VSMCs; ^\#^P\<0.05 vs. VSMCs treated with Ang II (1 *µ*M) for 48 h.](IJMM-36-05-1223-g06){#f7-ijmm-36-05-1223}
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